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Abstract. In implantation experiments or in the inner wall of the vessel of nuclear reactors, irradiation of 
metals with helium damages the material by forming defects. We focus on studying the formation of He 
bubbles by analyzing the energetics of He atoms in bulk palladium and present a simple model for bubble 
formation. The model emphasizes that the driving force for the formation of He bubbles is the high energy 
state of the implanted He.(doi: 10.5562/cca2305) 
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INTRODUCTION 
The study of helium embedded in metals is important to 
understand and control the effect of ion irradiation on 
the metallic parts of the walls of nuclear reactors. Heli-
um may appear in those walls as a result of direct im-
plantation, and also because of the neutron (n) irradia-
tion of the wall materials giving rise to (n,α) reactions 
emitting α particles,1 such as 59Ni + n → 56Fe + α. In 
addition, helium may form from tritium by β decay. 
Although helium is insoluble in metals, it can be easily 
retained in vacancies and voids. Because of its small 
size, helium atoms can also be trapped at interstitial 
sites of the metal lattice. If helium is present in suffi-
cient concentrations, vacancies and voids may act as 
nucleation centers for the formation of liquid He bub-
bles. Bubbles can grow under suitable conditions of 
temperature, pressure and defect concentration,2 reach-
ing diameters of several nanometers. Formation of bub-
bles is important in practice, and a high concentration of 
bubbles affects negatively the mechanical properties of 
materials.3,4 Helium release from the bubbles can occur 
when the chemical potential of the He atoms in the 
bubbles equals that for interstitial He in the material, 
and also when the bubbles are large enough to induce 
the fracture of the matrix.5,6 The He atoms can also 
cluster at extended defects such as dislocations and 
grain boundaries. 
Among the technologically relevant metals, pal-
ladium is interesting because of its resistance to oxida-
tion and to poisoning, as well as for its retention of 
3He.7 The structural changes in Pd alloys due to for-
mation of 3He during tritium storage have been stud-
ied, and the local atomic order is only slightly per-
turbed by the presence of He. Nucleation and growth 
of He bubbles in Pd have been studied using transmis-
sion electron microscopy (TEM) and nuclear magnetic 
resonance (NMR).8 Bubbles of ≈ 10−20 Å in diameter 
have been observed. 
Two spectroscopic techniques are mainly used for 
measuring the He density in the bubbles, electron-
energy-loss spectroscopy (EELS)1,9 and vacuum ultravi-
olet absorption spectroscopy.10 Those techniques ana-
lyze the energy shift of the absorption line for the 
1s→2p electronic transition of He atoms in the bubbles 
with respect to the free atoms.11 The measured He den-
sities span a wide range of values, between 0.005 and 
0.25 He atoms/Å3, depending on the particular metal 
host, the conditions of the experiment and the diameter 
of the bubbles.1,9,12–15 In general, high He densities cor-
respond to small bubble diameters, and low He densities 
to large bubble diameters. For comparison, the density 
of bulk liquid He measured by Surko et al.16 at a tem-
perature of 2 K and a pressure of 1 bar is 0.02 atoms/Å3. 
This means that many bubbles have higher densities 
than liquid helium. The metallic systems that have been 
studied are Al and some transition metals (Ni, W) and 
alloys. 
In particular, in the case of a Pd-rich alloy 
(Pd90Pt10),15 the He densities vary between 0.015 and 
0.035 He atoms/Å3. For a spherical bubble of radius R, 
the number n of He atoms in the bubble is then between 
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340.015
3
n πR  and 340.035
3
n πR  with R in Å. If 
the bubble volume corresponds to removing N atoms of 
the alloy, then the approximate radius of the bubble is 
1/3
WSR R N , where WSR  = 1.52 Å is the Wigner-Seitz 
cell radius of bulk Pd (the radius of a sphere with the 
volume of one atom in the metal). Here we have ne-
glected the difference between Pd and Pt atoms, because 
their atomic radii are similar. Then, n ranges between 
0.22N and 0.51N. Consequently, there are fewer He 
atoms in the bubble than the number of Pd atoms dis-
placed to form the void. However, the situation is dif-
ferent in materials in which the He density in the bub-
bles is high. In those cases, values n ≈ 2N are common. 
Atomistic simulations of the formation of bubbles 
have been performed,17,18 but the process of bubble 
formation is still under investigation.19 We present a 
simple model for the formation of He bubbles in metals, 
which we apply specifically to Pd. The model is set up 
in terms of some properties of the metal, like the vacan-
cy formation energy and others. Values for some of 
those quantities exist in the literature, either from meas-
urements or from calculations. The values of other 
quantities necessary to apply the model are not availa-
ble, and for those we have performed density functional 
calculations. 
 
DEFECTS PRODUCED BY ION IMPLANTATION 
In high energy He+ implantation in metals, a large part 
of the energy of the impinging ion is lost to electronic 
processes in the metal. In addition, the moving He ions 
induce damage in the metal, in particular vacancies and 
self-interstitials, by collisions mainly near the end of the 
traveling path of the ions. The helium ion ends up as a 
neutral interstitial atom somewhat further in the track 
than the last vacancy it produces. 
Defects in pure palladium have been studied be-
fore. The measured and estimated vacancy formation 
energies Ev in bulk Pd are in the range 1.4–1.8 eV.20–22 
Theoretical calculations23,24 using the density functional 
formalism (DFT)25 give Ev = 1.30–1.51 eV, and a 
semiempirical model of Miedema26 gives Ev = 1.22–
1.34 eV. The energy of formation of a self-interstitial 
defect in a Pd crystal is larger. Using the embedded-
atom method, Foiles and coworkers22 have obtained 
Eself= 3.42 eV. This high value indicates that Pd self-
interstitial defects are rather unstable. Self-interstitials 
in solid materials are highly mobile; their diffusivities 
are orders of magnitude higher than the diffusivities of 
vacancies.27 Consequently, a part of the Pd self-
interstitials created during He+ implantation will tend to 
disappear in the process of relaxation of the collision 
cascade, either by recombination with vacancies or by 
occupation of new lattice sites at grain boundaries. It is 
safe to assume that a certain amount of vacancies sur-
vives after relaxation of the damage produced by the 
collision cascade, and that this concentration is larger 
than the concentration required by statistical mechanics 
for a crystal in equilibrium.28 We expect that the con-
centration of Pd self–interstitials will be smaller in 
comparison. 
At the end of their travel through the metal, the 
implanted He atoms have lost most of their kinetic en-
ergy, and those atoms end up, most often, occupying 
interstitial positions in the crystalline lattice of Pd. The 
implantation process then leads to a Pd crystal contain-
ing a certain number of vacancies, and also He atoms 
occupying interstitial positions. The state of the He 
atom occupying an interstitial position is rather unsta-
ble. We have performed density functional calculations 
of the energy required to insert a He atom in an octahe-
dral interstice. The calculations have been performed 
with the VASP code,29 with a basis of plane waves to 
expand the electronic wave functions. We have used the 
generalized gradient approximation (GGA) of Perdew-
Burke-Ernzerhof (PBE)30 for electronic exchange and 
correlation, and the core electrons have been treated by 
the projector augmented wave (PAW) method.31 An 
energy cutoff of 300 eV was adopted, which achieves a 
total energy convergence within several meV. For ge-
ometry optimizations, the convergence criterion on the 
forces was 1.4×10−5 eV/Å. The supercell has dimen-
sions a = b = c = 7.78 Å; this supercell has 32 atoms in 
bulk Pd, and 33 in the doped case. A 13 × 13 × 13 
Monkhorst-Pack grid is used to sample the Brillouin 
zone. After introducing the He interstitial, the dimen-
sions of the supercell are kept unmodified, as usual,32 
but the positions of all the atoms in the cell are fully 
relaxed. The formation energy of the He interstitial, that 
is, the energy neccesary to bring a free He atom to an 
octahedral interstice in the metal is HeiE  = 4.22 eV. 
Other recent DFT calculations32,33 with a similar number 
of atoms in the supercell predict values Hei 3.7 eVE  33 
and Hei 3.65 eV.E  32 In our opinion, the difference may 
be due to the broadening used for the density of elec-
tronic states, which affects the calculation of the forces 
on the atoms. In fact, with a looser broadening we find 
He
i 3.58 eV.E   The value we use through this paper is 
He
i 4.22 eV.E   
The recombination of a He interstitial with a va-
cancy 
interstitial vacancy substitutionalHe  + Pd   He .  (1) 
is a favorable process. Using DFT, we have calculated a 
recombination energy ΔEr = −2.97 eV. That is, the re-
combination releases an energy of nearly 3 eV. The 
reason can be simply understood from the embedded 
atom model.34,35 Helium is an inert gas atom with a 1s2 
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closed-shell electronic configuration. Embedding this 
atom in a solid medium costs energy, and that energy 
increases linearly with the effective electronic density of 
the medium in which He is embedded.34 The electronic 
density is large at interstitial sites of the Pd crystal, and 
much smaller at vacancies in the same crystal. This 
energy of −2.97 eV represents a strong driving force for 
the recombination, and consequently there is a strong 
tendency to fill vacancies with He atoms. The presence 
of He bubbles in spherical voids in the crystal has the 
same physical origin. 
 
VACANCIES AND VOIDS 
Let us first consider the formation of voids by the ag-
glomeration of vacancies.36 In the theory developed by 
Miedema,26 the formation energy of a vacancy can be 
viewed as the energy required to form an inner surface 
in the metal with the dimensions of the surface of an 
atomic cell, 24 WπR . That is, 
 24v WE πR γ Q  (2) 
where γ is the surface energy. The constant Q is an 
empirical correction factor that serves to take into ac-
count several effects. First of all, the difference be-
tween the flat shape of the surface of a metal and the 
shape of the boundary of a vacancy in the same metal. 
Q also incorporates the effect of the atomic and elec-
tronic relaxation around the vacancy. Both the surface 
energy  and the vacancy formation energy Ev can be 
viewed as the positive energy contribution arising from 
the electron density mismatch that appears at a surface 
or at a vacancy. In a macroscopic surface, the electron 
density changes from the value ρint typical of the inter-
stitial region of the metal outside the cores of the atoms 
to the zero value at the vacuum. On the other hand, in a 
vacancy, due to its small size, the density does not fall 
to zero and it retains a finite value at the center of the 
vacancy. In addition, there is a small relaxation of the 
neighbor atoms towards the centre of the vacancy, 
which reduces the effective surface area of the cavity. 
For all these reasons, the value of Q is different from 1. 
We have determined an optimized value of Q for Pd by 
using in Eq. (2) the experimental surface energy of 2.1 
J/m2 given by Miedema37 and a vacancy formation 
energy of 1.6 eV, which is an average of the measured 
vacancy formation energies.20–22 The resulting value is 
Q = 0.42. 
The energy to form N independent vacancies is 
then 24 .v WNE πR γQN  On the other hand, the radius R 
of a spherical void with a volume equal to the sum of 
the volumes of the N vacancies is R = RWN1/3, and the 
energy necessary to create such a void is 
2 2 2 3
hole 4 4 .WE πR γQ πR N γQ   (3) 
One can notice, using Eqs. (2) and (3), that Ehole =  
N 2/3Ev. Consequently, Ehole < NEv, the reason being that 
the amount of surface area newly created is smaller in 
the case of the void compared to the case of N separated 
vacancies. Forming the difference NEv − Ehole, and using 
the above value of Q = 0.42 for Pd we find 
 2/3hole  0.67 .vNE E N N    (4) 
In Figure 1 we have plotted NEv−Ehole versus N. The 
Figure shows the substantial energetic stabilization that 
occurs when N vacancies form a void. A strong driving 
force then exists for the coalescence of neighbor vacan-
cies to form divacancies (two vacancies in nearest 
neighbor sites) and then larger voids. There are, howev-
er, two effects opposing the formation of a void from 
vacancies. The first one is the entropy arising from the 
random distribution of vacancies, which contributes to 
the free energy of the crystal. However, since vacancies 
are created during the implantation process, the Pd crys-
tal is expected to be supersaturated; that is, the number 
of vacancies present is substantially above the equilibri-
um number at room temperature. The second is the 
existence of an energy barrier for the diffusion of va-
cancies; that is, for the hopping of a vacancy from a 
lattice site to a neighbor site. The vacancy migration 
energy in Pd, calculated by Foiles and coworkers,22 is 
Em(1v) = 0.82 eV, and the migration energy of a 
divacancy is substantially smaller, Em(2v) = 0.48 eV. 
Figure 1. Difference NEv − Ehole between the energy of forma-
tion of N isolated vacancies and the energy of formation of a 
void formed by the agglomeration of those N vacancies, ver-
sus N. 
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Under the typical conditions of the implantation exper-
iments, motion of those defects is expected in the struc-
tural relaxation step. 
An approximation has been used, for simplicity, in 
Eq. (3). Q has been taken as a constant, but in a strict 
sense Q depends on the void radius R. In fact, Q should 
be equal to 1 in a macroscopic hole. We have explored 
this issue by assuming that the value of Q varies linearly 
between Q = 0.42 for N = 1 (the vacancy) and Q = 1 for 
a large void with a volume equivalent to the added vol-
ume of 1000 vacancies. In this way, we obtain  
    0.419  0.000581 ,Q N N   (5) 
and repeating the calculation of NEv − Ehole, a corrected 
expression results 
   
hole
2 3 5 3 2 30.67 0.0016 0.58 .
vNE E
N N N N
 
    (6) 
The first term is the same as in Eq. (4), and the second 
is the correction. This correction lowers the energy 
difference NEv − Ehole very slightly. For the range of 
values of N shown in Figure 1, the correction is smaller 
than 2 percent, and reaches 15 per cent for the largest 
hole, of N = 1000. Consequently, the conclusions 
reached with the Eq. (4) are not modified. 
 
FORMATION OF HELIUM BUBBLES 
Due to the repulsive interaction between the He and the 
Pd atoms, the implanted He atoms located in interstitial 
positions tend to segregate to the surface of the metal, 
where the He atoms could evaporate. However, migra-
tion to inner defects like vacancies and voids may be 
much easier. The activation energy barrier for diffusion 
of He through the palladium lattice is small. In solid 
metals, the electron density is pretty uniform in the 
region outside the cores. In fact, the concept of an aver-
age electron density in the interstitial regions of metals 
has been very useful, and its validity rests on the fact 
that the local deviations from an average electron densi-
ty are small.35 This means that the potential energy 
surface in the path of a He atom moving from an 
insterstitial position to another interstitial position is 
relatively flat and the He atom will not face substantial 
barriers in its motion. DFT calculations report barriers 
of only 0.13 or 0.14 eV.32 As indicated above, the re-
combination of a He interstitial and a vacancy releases 
an energy −ΔEr = 2.97 eV. On the other hand, we have 
calculated the energy difference between the state of a 
He atom trapped in a Pd vacancy and the same atom 
after migrating to the surface and evaporating to the gas. 
That energy difference equals 1.25 eV, favorable, of 
course, to the free He. The electron density of Pd in 
most of the volume of the void is very small, much 
smaller than in a single vacancy, and thus the above 
energy of 1.25 eV can be taken also as an estimate for 
the energy difference between the He atom trapped in a 
vacancy and the same atom trapped in a void. The sum 
2.97+1.25 = 4.22 eV is then the energy released when a 
He interstitial migrates to a void. Consequently, a strong 
driving force exists for the accumulation of He atoms in 
voids. 
In addition, another mechanism also induces the 
growth of a void, with an associated increase of the 
size of the He bubble inside. This is again due to the 
energy released when He interstitials become trapped 
in a void. That trapping energy was estimated above as 
4.22 eV. We now consider the process of displacing 
one Pd atom which forms part of the surface of the 
void to a nearby interstitial position, producing a va-
cancy-(Pd self-interstitial) pair which enlarges the 
volume of the void by a small amount (the volume of 
the created vacancy). If we estimate the energy to 
create the vacancy-(Pd self-interstitial) pair defect by 
just adding Ev and Eself , this gives an approximate 
value Ev+self = Ev + Eself = 4.7 eV. The energy released 
by trapping a He atom in the void is not enough to 
create a vacancy-(Pd self-interstitial) pair. However, 
trapping two He atoms is enough to overcome the 
energy required to form the pair defect. This means 
that the He atoms can act as a catalyst for the void 
growth by pushing Pd atoms away from their lattice 
positions in the void surface to interstitial sites nearby. 
The displacement of Pd atoms then creates vacancies 
which increase the size of the void. This mechanism of 
void growth, catalyzed by He, may be even more im-
portant than the other mechanism discussed above, the 
capture of vacancies, because He atoms move in Pd 
much easier than vacancies. 
 
CONCLUSIONS 
In summary, the agglomeration of vacancies to form 
voids is energetically favorable due to a surface energy 
effect: the inner surface area of the void is smaller than 
the sum of the inner surfaces of the separated inde-
pendent vacancies. Due to the strongly repulsive inter-
action of the interstitial He atoms in the Pd metal, the 
accumulation of He atoms in voids is strongly favored. 
In addition, the concerted trapping of two or more He 
atoms catalyzes the growth of the void by displacing Pd 
atoms. 
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